solid chemical compounds by stoichiometric formulas, corresponding to ideal crystal structures, which state that the relative numbers of different atoms are given by the ratio of small integers. However, it is a wellestablished principle of statistical mechanics that at any finite temperature a compound in the solid state will in general be stable over a range of compositions, or homogeneity range, which may or may not include the stoichiometric composition specified by the formula.
The deviations from stoichiometry in the IV-V1 compounds and their alloys have been the subject of a large number of investigations conducted over the past fifteen years. As a result of these investigations, considerably more information concerning stoichiometric deviations is available for the IV-V1 compounds than for any other group of semiconducting com-(*) Operated with support from the U. S. Air Force.
pounds. It is the purpose of this paper to give a general review of this information and of the methods used to obtain it. Before doing so, however, we shall give a general description of the unusual combination of physico-chemical properties exhibited by the IV-V1 compounds which have occasioned special interest in their deviations from stoichiometry and have made it relatively easy to obtain experimental data concerning these deviations.
The interest in deviations from stoichiometry in the IV-V1 compounds arises principally because of the marked and often dominant effect of these deviations on the electrical properties of the compounds. For almost every sample which is not intentionally doped, the deviations are large enough compared t o the impurity content and intrinsic carrier concentration that, at room temperature and below, the type and concentration of charge carriers are determined primarily by the nature and magnitude of the deviations. For this reason, although the deviations are usually too small to be determined chemically, their relative to be equilibrated with the vapor phase in convenient magnitudes in samples of a particular compound times (not more than a few weeks). can be found from the carrier concentrations, which are readily obtained by Hall coefficient measurements. Furthermore, for many of the compounds the stoichiometric deviations can be varied over an appreciable range by growing or annealing samples at controlled temperatures and partial pressures. Therefore by using carrier concentration data for such samples it is possible to establish functional relationships between solid-phase composition, vapor pressure, and temperature. Comparing these empirical relationships with theoretical models derived from thermodynamics and statistical mechanics has been one of the principal methods used to characterize the lattice defects responsible for the stoichiometric deviations.
Fundamental investigations on the physical chemistry of the IV-V1 compounds are not the only source of interest in their deviations from stoichiometry. An equally important source is the practical problem of preparing materials with controlled electrical properties for other scientific studies and for device applications, since in most cases this problem must be solved by control of composition rather than by control of impurity content, and in others control of both composition and impurity content is necessary. It should be noted that with few exceptions the minimum attainable carrier concentration is determined by the minimum attainable deviation from stoichiometry, and that the natural and artificial p -n junctions used in devices are produced by changes in composition rather than in impurity content. So far we have described the properties of the IV-V1 compounds which are primarily responsible for the continued interest in their deviations from stoichiometry. Now we shall list a number of other properties which, although not individually critical, in combination have greatly encouraged the study of the deviations because they make it relatively easy to obtain and interpret pertinent experimental data. (In considering these properties, it should not be assumed that all of them are equally characteristic of all the compounds in the group.) l) Large singIe crystals can be grown from the melt because the melting points of the compounds and their vapor pressures at the melting points are not excessive. The highest melting point is l l l l OC, the value for PbS. Single crystals of a number of compounds can also be grown from the vapor phase.
2) Diffusion rates in the solid phase are sufficiently high at elevated temperatures to permit samples of convenient thickness (1-2 mm) for Hall measurements 3) With decreasing temperature, the diffusion rates decrease sufficiently to permit the stoichiometric deviations established at elevated temperatures to be quenched in by rapid cooling and then retained in a metastable state for long periods at room temperature. (In some cases discussed later, the ability to quench in deviations is limited by the rate of internal precipitation rather than by the rate of equilibration with the vapor phase.) 4) Carrier mobility is sufficiently high and contact resistance sufficiently low to permit accurate Hall coefficient measurements even for samples with carrier concentrations exceeding 10' ' cm-3.
5)
In most cases, the electrical conductivity is predominantly due to one type of charge carrier, so that the carrier concentration can be obtained from the measured Hall coefficient by using the simple one-carrier formula. In some samples of p-type PbTe, SnTe, and possibly GeTe, however, the one-carrier formula is inapplicable to room temperature data because of the presence of two type of holes.
)
The lattice defects responsible for deviations from stoichiometry are completely ionized at all temperatures, so that each defect supplies an integral number of charge carriers.
From the list of favorable properties just given, it is apparent that the IV-V1 compounds are especially suitable materials for experimental studies of deviations from stoichiometry. The results of these studies are most conveniently presented in the form of phase diagrams which show the composition of the solid phase as a function of temperature, the partial pressures of the elements in the CO-existing vapor phase, and the composition of any CO-existing liquid phase. The general features of these diagrams are similar for all the IV-V1 compounds and also for their alloys. We shall describe these general features and also the principal types of experiments used to obtain phase diagram data, as a preliminary to presenting in a subsequent paper the detailed results which have been reported for individual compounds and alloys. We shall not attempt to give an extensive theoretical interpretation of the phase diagrams, since a comprehensive treatment in terms of mass action laws is given by Kroger [l] in his book on imperfect crystals, and Brebrick [2] has recently used a somewhat different approach based on statistical mechanics to deal with non-stoichiometry in binary semiconductorcompounds.
Phase diagrams for IV-V1 compounds. -The phase relations for, a binary system of elements M and N can be completely specified by a three-dimensional pressure-temperature-composition or P -T -x diagram, where x represents the atom fraction of one of the elements. The information is generally presented in the form of the two:dimensional T -X, P -x, and P -T projections, and we shall discuss each of these in turn.
T -x PROJECTION. - Figure 1 shows a schematic T -x projection for a IV-V1 system in which there is a single congruently melting compound whose ideal by volatilization. Liquidus points in the Ge-Te system have also been found by means of partial pressure measurements which will be described when we discuss the P -T projection.
In order to consider the deviations from stoichiometry exhibited by the compound MN, we shall examine in detail the portion of the T -X projection in the vicinity of 50 at. %. crystal structure corresponds to the formula MN, where M is the Group IV element and N is the Group V1 element. In this diagram x is the atom fraction of N. The compound exhibits such small deviations from stoichiometry that on the scale shown it is a line phase with x = 0.5. This type of diagram is characteristic of the Pb-S, Pb-Se, Pb-Te, and Sn-Te systems. The Ge-Te system also contains only one compound, GeTe. The diagrams for the Sn-S, Sn-Se, Ge-S, and Ge-Se systems include at least one additional compound, ,,but in the following discussion we shall consider only the MN compound. The liquidus curve, which gives the temperature at which a liquid of given composition is in equilibrium with a solid phase (either MN, M, or N), is generally found by thermal analysis experiments. Since at elevated temperatures IV-V1 materials have appreciable vapor pressures and also react with oxygen, these experiments are performed with the sample in a sealed quartz ampoule. The gas space is made small enough that the composition of the condensed phase is not appreciably changed diagrams of this portion, with the abscissa scale greatly expanded, which illustrate the three types of homogeneity range observed for the IV-V1 compounds. The stoichiometric composition does not lie within the homogeneity range at all temperatures in any of the diagrams. In the left-hand and center diagrams, the homogeneity range includes the stoichiometric composition, but only at temperatures below a maximum value, and in the right-hand diagram it does not include the stoichiometric composition at all. In no case, therefore, does the maximum melting point, where the solid and CO-existing liquid have the same composition, occur at the stoichiometric composition.
In the left-hand diagram the composition at the maximum melting point is more than 50 at. % .M (X < 0.5). In the other two diagrams, the composition at the maximum melting point is more than 50 at. % N (X > 0.5). In the left-hand and center diagrams, at sufficiently low temperatures, the solubility of the elements in the compound decreases with decreasing temperature. In this region the elements are said to exhibit retrograde solubility. We shall now describe the principal methods which have been used to determine the solidus curves which form the boundaries of the homogeneity range of MN. (To simplify the discussion, we shall restrict it to the temperature region above the M -MN and N -MN eutectics, since in most cases the data are limited to this region. Similar principles would be applicable below the eutectic temperatures.) Points on the solidus curves give the compositions of samples which are in equilibrium with M-rich and N-rich liquids. We shall designate these samples as M-saturated and N-saturated, respectively, even though it can be seen from figure 2 that some M-saturated samples contain more than 50 at. % N, and vice versa. The solidus curves are generally found by preparing samples which are M-saturated or N-saturated and then determining their compositions. We shall first discuss the problem of determining composition.
The compounds SnTe and GeTe exhibit such large deviations from stoichiometry that it has been possible to prepare solid samples with specified compositions inside the homogeneity range by weighing out the elements in appropriate proportions. Quantitative data concerning the composition of almost all other IV-V1 samples have been obtained by carrier concentration measurements, as discussed in the Introduction. The carrier concentrations have generally been found by Hall coefficient measurements at room temperature or below, although in some cases measurements of resistivity (at room temperature) or thermoelectric power (at or above room temperature) have been used. From experimental results discussed below, we can conclude that -except perhaps for GeTein the absence of impurities, samples which are ntype contain more than 50 at. % M and those which are p-type contain more than 50 at. % N. Furthermore, the carrier concentrations increase monotonically as the deviations from stoichiometry increase. To obtain absolute composition values it is obviously necessary to know the quantitative relationship between the concentrations of carriers and lattice defects.
We shall now consider the methods which have been used to prepare saturated MN crystals. One such method is the solidification of crystals by directional freezing of a melt under quasi-equilibrium conditions, as in the Bridgman method of crystal growth. The temperature of solidification is either found from the initial composition of the melt and the known iliquidus curve for the system, or fixed by quenching. The corresponding solidus compositions are those of the solids which are first-to-freeze and last-to-freeze before quenching, respectively. This method has not been used extensively to establish solidus curves for the IV-V1 compounds. However, directional solidification has been used several times in attempts to determine a particular solidus composition, the one at the maximum melting point. In some experiments, carrier concentration measurements were made on ingots frozen from melts of various compositions close to stoichiometric. The ingot which was most uniform in concentration along its length was assumed to have the congruently melting composition.
In other experiments, the congruently melting composition was taken to be the first-to-freeze composition of ingots directionally frozen from stoichiometric melts. This is a good approximation for any melt composition close to the congruently melting composition, due to the flatness of the liquidus curve near the maximum melting point, as shown in figure 2. However, this method is inapplicable to many of the IV-V1 compounds because of internal precipitation effects resulting from retrograde solubility, as discussed below.
In a second method of preparing saturated samples, equilibrium between a sample and an M-rich or Nrich liquid is established via the vapor phase. This method has been used in determining solidus curves for several IV-V1 compounds and their alloys. An MN crystal of any initial composition, usually 1-2 mm thick, is annealed at an elevated temperature in a sealed fused silica ampoule containing an ingot which at the annealing temperature is a mixture of solid MN and either M-rich or N-rich liquid. Generally the ingot is separated from the sample by some type of fused silica spacer, so that it does not adhere to the sample when the run is over. Since three phases (including the vapor) are present in the ampoule, the system has only one degree of freedom, and fixing the temperature fixes the equilibrium composition of each phase. Except for annealing temperatures close to the maximum melting point, the exact composition and amount of the ingot are not critical, since it is only necessary for the composition of the ingot and sample together to lie between the liquidus and solidus curves at the annealing temperature. If this condition is satisfied, the composition of the sample must change by solid state diffusion until at equilibrium it reaches the M-saturated or N-saturated value, depending on whether the ingot is M-rich or N-rich. (If an M-rich sample is annealed in the presence of an N-rich ingot, or vice versa, a p -n junction can be formed by interrupting the diffusion process before equilibrium is attained. This method has been used to prepare p -n junctions for infrared detectors and lasers.)
The time required to reach equilibrium depends on the rate of diffusion, which decreases exponentially with decreasing temperature. The equilibrium time therefore increases rapidly as the annealing temperature decreases. It should be noted that the relevant diffusion coefficients, the inter-diffusion coefficients, are orders of magnitude larger than the self-diffusion coefficients for M or N in MN. At the conclusion of the saturation run, the ampoule is quenched as rapidly as possible in order to retain the solidus composition characteristic of the annealing temperature. The purpose of rapid quenching is not only to minimize interaction with the vapor phase during cooling but also to minimize internal precipitation due to retrograde solubility. For most of the IV-V1 compounds, internal precipitation is the greater problem.
The reason for internal precipitation is illustrated by figure 3 from figure 2 is reproduced on a larger scale. Consider the cooling of an MN sample which has been Nsaturated at the temperature and composition given by point A on the solidus curve. If its composition djd not change during cooling, its cooling curve would be the dashed line AB. Since this line lies outside the homogeneity range of MN, the sample would be supersaturated in N. The excess N can be removed from the lattice not only by loss to the vapor phase but also by the formation of microprecipitates of N (or more precisely, an N-rich phase) at sites dispersed throughout the crystal. The precipitation process can occur much faster, since it generally requires diffusion over a distance much shorter than the distance to the surface of the sample. Therefore a cooling rate may be fast enough to prevent loss of N to the vapor phase but not to prevent internal precipitation. In this case, the cooling curve for the lattice will coincide with the solidus curve, as indicated by the arrows in figure 3, down to a temperature at which the diffusion rate has been reduced sufficiently to prevent further precipitation. Below this effective quenching temperature, which is indicated by point C, the composition of the lattice remains constant, and the cooling curve is given by CD. An exactly similar description applies to cooling on the M-rich side of the homogeneity range, where a typical cooling curve is given by A' C' D'. In general, for a given experimental procedure, the effective quenching temperatures C and C' are not the same since the diffusion rates and therefore precipitation rates are different for M-saturated and N-saturated MN. The microprecipitates of M or N form a dispersed second phase which does not contribute charge carriers to the MN crystal. Therefore the measured carrier concentration is determined by the amount of M or N in excess of the stoichiometric composition which remains dissolved in the lattice. Consequently the carrier concentration measured at the completion of a saturation experiment is equal to the value corresponding to the solidus composition at the effective quenching temperature. For this reason, if the carrier concentration measured in a series of saturation experiments initially increases and then becomes constant as the annealing temperature is increased, it is likely that the upper limit on concentration is observed because of internal precipitation, not because the composition along the solidus curve becomes independent of temperature. Up to a certain point the effective quenching temperature can be increased by changing the experimental procedure to increase the quenching rate, but for every compound there is an intrinsic upper limit to the quenching rate which is determined by the heat capacity and thermal conductivity of the material.
It should be noted that internal precipitation will occur when crystals grown from the melt are cooled to room temperature, if the excess M or N incorporated during solidification is greater than the solubility at the effective quenching temperature determined by the cooling rate. This will be the case for many IV-V1 crystals which are grown by the Bridgman technique, since these crystals are usually furnace cooled rather than quenched. The precipitation process is reversible, since heating a sample containing microprecipitates will cause them to redissolve to the extent determined by the solidus curve at the annealing temperature. The dissolution rate increases strongly with increasing temperature, because of the increase in diffusion coefficients, and equilibrium times of the order of minutes are observed even at temperatures well below the maximum melting point.
Internal precipitation in IV-V1 compounds exhibiting retrograde solubility is utilized as the basis of a third method of preparing saturated samples. An Mrich or N-rich sample is annealed in a sealed ampoule at a temperature where the solubility of M or N, respectively, is smaller than the total excess of that element present. When equilibrium is reached, the amount of excess M or N which remains dissolved in the lattice is equal to the solubility at the annealing temperature, with the remainder present in the form of microprecipitates. Equilibrium can be attained either by formation of precipitates or by dissolution of precipitates initially present. The sample is then quenched to room temperature at a rate which is sufficient to prevent further precipitation. The, measured carxier concqtration c~rresponds to the composition on the solidus curve at the annealing temperature. (In one series of experipents, this procedure was modified by using Seebeck coefficient measurements made in situ at the annealing temperature to determine the carrier concentration.)
It has been found that the solidus' points obtained by precipitation experiments are in good agreement with those found by the method of equilibrating with a solid-liquid ingot. The principal advantage of the precipitation technique is that the equilibration rate at a given annealing temperature is many times faster than that for the ingot-anneal method. Therefore the minimum temperatures for making solidus determination~ -the temperatures below which equilibration times become impractically long -are considerably lower for precipitation experiments than for ingot-anneal experiments.
P -X PROJECTION. -According to Gibbs' phase rule, fixing the temperature of an M -N system fixes the composition of the solid MN phase only when another condensed phase (either liquid or solid) is present in addition to the vapor phase. Therefore the only solid-phase compositions appearing in T -X projections down to the eutectic temperatures are those along the solidus curves. To specify compositions inside the homogeneity range, it is necessary to specify another intensive variable in addition to the temperature. The partial pressure of one species in the vapor phase is a convenient choice.
The vapor phase in equilibrium with a IV-V1 compound is composed of MN molecules, M atoms, and one or more species containing N atoms. The relative proportions of the latter are given by the equilibrium constants characteristic of pure sulfur, selenium, or tellurium. For most temperatures and pressures of interest here, there is no appreciable concentration of N atoms, and the diatomic N, molecule is the predominant N, species. It has been found that the partial pressure of MN molecules does not change appreciably across the homogeneity range of solid MN, whereas the partial pressures of the elementary species .generally change by orders of magnitude. (These properties are characteristic of a highly ordered solid phase with a narrow homogeneity range.) Therefore the relationship between solid and vapor-phase at a fixed temperature is best represented by plotting the partial pressure of either M atoms or NZ molecules as a function of the composition in a P -X projection. This relationship is of fundamental interest because the partial pressure of a vapor species is related in a known way to its chemical potential in the vapor phase and therefore in the solid phase in equilibrium with the vapor. In addition, solid-vapor relationships are of practical importance in materials preparation, since samples of IV-V1 compounds with compositions inside the homogeneity range are almost always obtained by equilibration with an elementary vapor of controlled pa;tial pressure. fraction of that component. It follows that the partial pressures of ther components change with average composition in regions where there is only one condensed phase and remain constant in two-phase regions, since in the latter the composition of each phase is independent of the average composition. Therefore, on crossing the P -X diagram from left to right, we see that the partial pressure of N2 increases with increasing X in the region containing only M-rich liquid, becomes constant when both M-rich liquid and solid MN are present, increases across the homogeneity range of MN, becomes constant when both MN and N-rich liquid are present, and finally increases again when only N-rich liquid is present.
Since the atom fraction of M, (1 -X), decreases as X increases, the partial pressure of M decreases as that of N2 increases. When solid MN is present, the two partial pressures are related quantitatively by the equation
where P, and P,, are the partial pressures of M and NZ, respectively, R is the gas constant, Tis the absolute temperature, and AG, is the free energy of formation for the reaction 112 M(g, 1 atm) + 114 N2(g, 1 atm)
+ 112 MN(c). In deriving this equation, the small variation of AG, across the homogeneity range is neglected, and it is assumed that the vapor is ideal. Whether or not the compound MN has any congruently subliming composition -a composition which is in equilibrium with a vapor of the same average composition -is determined by the relative pressures of M and N, for values of x within the homogeneity range of MN. In general, the congruently subliming composition, if one exists, will not be exactly stoichiometric. In the stoichiometric vapor, the partial pressure of N, is equal to one-half the partial pressure of M, if these are the only species other than MN molecules present in the vapor phase. Regardless of the species present, at constant temperature the total pressure of the vapor phase is lower for the congruently subliming composition than for any other.
When a sample of compound MN with composition inside the homogeneity range is heated in an initially evacuated, sealed ampoule under isothermal conditions, its composition will generally change because the vapor produced by sublimation has a different composition from the solid. Whatever the initial composition, the effect of sublimation will be to shift it toward the congruently subliming composition, if the compound has one. Sufficient repetition of the process will cause the sample to attain the congruently subliming composition, after which there will be no further change. The same result can be obtained by allowing the sample to sublime in a dynamic vacuum or in a stream of inert gas, provided that the rate of sublimation is slow enough to permit homogenization of the sample by solid state diffusion. If the compound has no congruently subliming composition, however, the vapor phase is always richer in one of the elements (say, N) than any solid within the homogeneity range. In this case, any of the sublimation procedures mentioned will cause the sample composition to continue changing until it reaches the limit of stability (for this example, the M-rich solidus). Still further sublimation will cause the formation of a liquid phase and eventually complete melting of the sample.
The type of projection shown in figure 4 , but with coordinates of P'/' and (X -1/2), has been used to present data for the partial pressures of Tez(g) in equilibrium with samples of SnTe and GeTe lying within the homogeneity range, which is wide enough in each case to permit preparation of samples with known values of x by weighing out the elements in desired proportions. The partial pressures were determined by an optical absorption method described below.
A different type of P -X projection has been used to present the experimental results for PbS, PbSe, and PbTe, for which the narrowness of the homogeneity range makes it necessary to obtain composition data by means of carrier concentration measurements. A projection of this kind is shown schematically in figure 5 , where carrier concentration measured at room temperature on samples annealed at an elevated temperature and then quenched is plotted on a log-log log P,,, + scale as a function of N, partial pressure at the annealing temperature. At the lowest partial pressures, the material is n-type. As the partial pressure increases, the electron concentration decreases monotonically, at first slowly with a constant slope, then more rapidly. The material then becomes p-type, after which the hole concentration increases monotonically, at first rapidly, then more slowly with a constant slope. The plot thus consists of two parts which are roughly symmetric.
As pointed out previously, from the thermodynamic criterion for a stable phase it folIows that X, the atom fraction of element N in solid MN, increases monotonically as the partial pressure of NZ increases. Therefore the plot in figure 5 shows that as X increases there is a monotonic decrease in electron concentration in n-type samples and a monotonic increase in hole concentration in p-type samples. This property justifies the basic model which has been adopted for the deviations from stoichiometry in the IV-V1 compounds (with the possible exception of GeTe), according to which the lattice defects associated with excess M and N are donors and acceptors, respectively. Consequently the transition from n-type to p-type occurs at the stoichiometric composition in samples not containing electrically active impurities.
(It should be noted that in general the concentration of lattice defects associated with a deviation from stoichiometry determines not the electron concentration, n, or the hole concentration, p, but the difference between them. In almost all samples of the IV-V1 compounds, however, at room temperature this difference is so large compared to the intrinsic carrier concentration that the concentration of minority carriers is negligible compared to that of majority carriers. Therefore in n-type samples and in p-type samples (p -n) --p. Consequently, the carrier concentrations measured at room temperature are directly related to the deviations from stoichiometry .)
Two different methods have been used to obtain carrier concentration versus partial pressure data for plots of the type shown in figure 5 . Almost all these data have been obtained by annealing a sample of MN in a sealed, fused silica tube which contains a condensed phase of pure M or N maintained at a temperature lower than that of the sample. The sample is placed at one end of the tube and a small quantity of the element at the other end. The tube is evacuated, sealed, and placed in a furnace with two zones, which are then heated to the desired temperatures. (A low pressure of inert gas is frequently placed in the tube to reduce sublimation of the sample.) The vapor pressure of the solid or liquid element at the reservoir temperature determines its partial pressure in contact with the sample. Fixing this pressure and the sample temperature fixes the equilibrium composition of solid MN, and the sample composition changes by solid state diffusion until it reaches this equilibrium value. As in the saturation experiments described previously, the time required to attain equilibrium increases rapidly as the sample temperature decreases. At the conclusion of the run, the sample is quenched as rapidly as possible in order to minimize interaction with the vapor phase during cooling. (Internal precipitation is not a problem, except for equilibrium compositions close to the solidus curves.) The carrier concentration is then determined by measuring the Hall coefficient of the quenched sample.
Because of the exponential dependence of vapor pressure on temperature, it is necessary to control the reservoir temperature very accurately in order to obtain accurate partial pressure data by the twotemperature method. It is also necessary to prevent contamination of the reservoir by vapor of the other element produced by sublimation of the sample. This generally limits the applicability of the method to equilibrium composi'tions not too close to the congruently subliming value, if there is one.
The other method of obtaining carrier concentration versus partial pressure data has been used only once, in an investigation of PbS. A mixture of gaseous H,S and H, was passed slowly through a heated quartz vessel containing the PbS sample. After annealing, the sample was cooled to room temperature and the carrier concentration was determined by Hall coefficient measurements. The partial pressure of S, was calculated from the annealing temperature and the published equilibrium constant for the HZS-H, system. The experimental methods just described have been used to obtain data not only for undoped samples, but also for samples intentionally doped with electrically active impurities. The effects of impurities are illustrated by the three schematic plots of carrier concentration versus partial pressure shown in figure 6 . The upper, middle, and lower plots give results for samples containing donor impurities, no electrically active impurities, and acceptor impurities, respectively. The middle plot is the same as the one shown in figure 5 . These plots show that the partial pressure of NZ at which the material changes from n-type to p-type is increased by donor impurities and decreased by acceptor impurities. For each type of doping, there is a region in which the carrier concentration is almost independent of partial pressure. In this region, which occurs in n-type material for donor doping and in p-type material for acceptor doping, the carrier concentration is nearly equal to the impurity concentration because the latter is large l a compared to the concentration of lattice defects CD 0 due to deviations from stoichiometry. P -T PROJECTION. -The third and last type of projection used to present phase diagram data for the IV-V1 compounds is the P -T projection. Such a projection for compound MN is shown schematically in figure 7 , where the logarithm of partial pressure is plotted against the reciprocal of absolute temperature. These are the cabrdinates-generally adopted, because in many cases log P and 1/T are linearly related. The loop shown gives the partial pressures of N, along the solidus lines for MN. This loop is generally referred to as the three-phase line, since solid, liquid, and vapor coexist for points which lie along it. melting point of MN. At temperatures sufficiently far below this point, the pressures of NZ along the two legs generally differ by orders of magnitude, as previously noted.
The solid straight line in figure 7 gives the partial pressure of MN molecules in equilibrium with solid MN. As stated above, this pressure is essentially constant over the homogeneity range of MN. The slope of the line is related to the heat of sublimation by the Clausius-Clapeyron equation. In figure 7 , at most temperatures the MN partial pressure lies between the maximum and minimum pressures of N,. Although this is the case for PbTe and SnTe, there is no a priori reason for it to be true in general.
The two dashed straight lines in figure 7 set upper and lower limits on the partial pressures of NZ in equilibrium with solid MN. The upper line gives the partial pressure of N2 in equilibrium with pure N liquid (or solid, at low enough temperatures). This is the vapor pressure curve for N, if its vapor consists entirely of N, molecules. At sufficiently low temperatures? where M-saturated MN is in equilibrium with almost pure N, the upper leg of the three-phase line for MN is practically the same as the line for pure N. With increasing temperature, as the N-rich liquid in equilibrium with MN becomes richer in M, the threephase line falls further and further below the line for pure N.
The lower dashed line in figure 7 gives the hypothetical partial pressures of N, which would be in equilibrium with solid MN if the latter were in equilibrium with pure M liquid (or solid). They are calculated from the vapor pressure curve for pure M by using the equilibrium constant K(T) = P,(PN,)1/2 which relates the partial pressures of the elementary species in the presence of solid MN. At sufficiently low temperatures, the three-phase line for MN coincides with this hypothetical line for pure M.
If the partial pressures of M in equilibrium with solid MN are plotted on a log P -l/Tplot, the threephase line will also be a loop. In this case, the upper and lower legs will give the M pressures along the M-rich and N-rich solidus lines, respectively. Figure 8 shows the partial pressure of NZ is determined by the reservoir temperature. (In principle, a reservoir of pure M could be used, but the Group V1 elements are more convenient because of their higher vapor pressures.) After the melt is equilibrated with the vapor, it is cooled and the liquidus temperature measured. This is the temperature on the three-phase line which corresponds to the partial pressure of NZ used. An alternative method for determining the liquidus temperature for a fixed partial pressure of N, was used in an investigation bf P~S , A solid sample of -PbS was annealed in a sealed ampoule containing a reservoir of pure S at a lower temperature. The sample was then quenched to room temperature and examined for evidence of melting. If no melting had occurred, the sample was re-annealed at a temperature about 5 O C higher but with the reservoir at the same temperature as before. By repeating this process until melting was detected, the liquidus temperature was determined to within about 5 OC for the partial pressure of S, fixed by the reservoir temperature. In two cases, the liquidus temperature for a given partial pressure was found by visually observing the melting and freezing of a sample sealed in an schematic log P -1/T plots which give both the M and NZ partial pressures over two different types of MN compounds. The right-hand plot, in which the areas within the three-phase lines overlap, is characteristic of a compound which sublimes congruently over a certain temperature range. For a compound represented by the left-hand plot, in which the partial pressure of N, is always greater than that of M, there is no congruently subliming composition at any temperature. There is no IV-V1 compound for which the three-phase loop for M lies above that for N,, since the vapor pressure of any Group V1 element is greater than the vapor pressure of any Group IV element.
Several methods have been used to determine partial pressures along the three-phase lines. One method employs thermal analysis to determine the liquidus temperature for an M -N melt which is in equilibrium with a known partial pressure of NZ. The melt is heated in a sealed, fused silica ampoule which also contains a reservoir of pure N at a lower temperature. As in the solid-vapor experiments described previously, ampoule containing a reservoir of pure N at a lower temperature. In an investigation of tin sulfide the partial pressure of S, was kept constant, and the sample temperature was varied. 'In an investigation of lead telluride, the sample temperature was fixed, and the partial pressure of Te2 was varied.
Points on the three-phase lines have also been obtained by three methods which do not require a direct determination of the conditions under which a sample melts and/or freezes. Instead, they involve a measurement of the partial pressure of N, in equilibrium with an ingot which at the experimental temperature is a mixture of solid MN and either M-rich or N-rich liquid. Two of these methods have been used to investigate tin sulfide. The partial pressure of S, was found in one case by weighing the sulfur transported by a stream of argon gas passed over the ingot, and in the other by measurements of H2S and H, pressures.
The third method employs an optical absorption technique to determine the NZ partial pressure. The experiment is performed with . a fused silica ampoule which consists of an optical cell with parallel windows and a sidearm reservoir at right angles to the cell. After the ingot is placed at the end of the side arm, the ampoule is evacuated, sealed, and positioned in a furnace so that the optical cell intercepts the sample beam of a double beam spectrophotometer.
The optical cell is heated to a constant temperature, and the optical absorption of the vapor in the cell is then measured as a function of the temperature of the reservoir, which is the coldest part of the ampoule. The partial pressure of NZ is found from the optical density of the vapor by using calibration data obtained by measuring the optical density of NZ vapor in equilibrium with pure liquid or solid N, together with the published curve for the vapor pressure of pure N as a function of temperature. It is assumed that the optical density due to N, is the same function of N, partial pressure in the mixed vapor over the compound as in the pure vapor. The calibration experiments show that the optical density is directly proportional to the partial pressure.
The optical absorption method has also been used to determine the partial pressures of Te, as a function of temperature for compositions inside the homogeneity range of SnTe and GeTe. The procedure is the same, except that the reservoir of the optical ampoule contains a solid sample, whose composition is established by weighing out the elements in appropriate proportions, rather than a solid-liquid ingot. In these experiments, it is necessary to make the sample large enough compared to the vapor space to keep the sample composition from changing appreciably due to preferential vaporization of Te, and to pre-anneal sufficiently to obtain a homogeneous soIid phase.
On a log P -1/T plot, as shown schematically in figure 9 , the data for the various solid compositions are represented by straight lines lying inside the threephase loop. The plot shown gives the results for a compound whose entire homogeneity range lies on the N-rich side of the stoichiometric composition. As stated in our earlier discussion, at constant temperature the partial pressure of N, increases monotonically as the atom fraction n increases.
For a given composition, the change of NZ partial pressure with increasing temperature is shown by the lines marked ABCD in figure 9 . The partial pressure first increases until the straight line beginning at A reaches the three-phase line at B. The intersection point occurs at the solidus temperature. As the temperature is further increased, the sample begins to melt, and the partial pressure then follows the three-phase line, in the direction indicated by the arrows, until the liquidus temperature is reached at point C. Depending on composition, the partial pressure may either increase or decrease between B and C. At still higher temperatures, the sample is completely melted, and the partial pressure increases along a straight line CD lying outside the three-phase loop. It is seen that the change of partial pressure with composition is much greater when the samples are solid than when they are liquid. Partial pressure data obtained by the optical absorption method have been used to determine solidus and liquidus temperatures by finding the intersection points B and C, respectively.
A log P -1/T plot is also used to present partial pressure data within the homogeneity range of compounds for which composition data are obtained by carrier concentration measurements. Figure 10 shows a schematic plot of this kind for a compound whose homogeneity range includes the stoichiometric composition. The solid lines give the relationships between temperature and N, partial pressure for selected carrier concentrations, measured at room temperature, in n-type and p-type material. These lines are based on points interpolated from isotherms of carrier concentration versus partial pressure like the one shown schematically in figure 5. Partial pressures of NZ for the stoichiometric composition are indicated by the dashed line marked n = p, which divides the area inside the three-phase loop into n-type (M-rich) and p-type (N-rich) regions. In general the line is nof placed sy~metricaly within this area. With increasing temperature the lines for constant carrier concentration approach the stoichiometric line, and those for sufficiently low concentrations eventually merge with .it on the scale shown in figure 10 . Consequently, for samples equilibrated with a controlled NZ partial pressure, the minimum carrier concentration which can be achieved decreases as the annealing temperature decreases, if the relative accuracy of pressure control is constant. However, the temperature cannot be decreased indefinitely because the time required for equilibrium eventually becomes too long. For this reason, few samples with carrier concentrations below 1017 cm-3 have been reported for any of the IV-V1 compounds.
The dashed line marked P,,, in figure 10 is an apl?roximation to the partial pressures of N, in equilibrium with congruently subliming samples. This line is calculated from the expression which is derived from the condition for a stoichiometric vapor, P,, = 112 P,, by using the equilibrium constant K(T) = P,(PN,)112. In general, the congruently subliming composition may be either a-or p-type. In the plot shown in figure 10 , the congruently subliming samples are n-type, and the electron concentration increases with increasing annealing temperature.
Phase Diagram Data Reported for the IV-V1
Compounds.
-No attempt will be made here to give a detailed review of the quantitative phase diagram data which have been reported for the individual IV-V1 compounds. Such a review will be presented in a later paper, together with a discussion of the nature of the lattice defects associated with the deviations from stoichiometry in these compounds. To conclude the present paper, we merely list in Melting-freezing at constant P. ....... [21] Melting-freezing at constant T. [24] 1341 [25] 
